Topological photonic structures in analogy to their electronic counterparts can provide new functionalities in nanophotonics. In particular, they can possess topologically protected photonic modes that can propagate unidirectionally without scattering and can have an extreme photonic density of states (PDOS). These unique properties can directly impact many photonic systems in optical communications and in quantum information processing applications such as single photon transport. In analogy to spin Hall effect in electronics, photonic systems can exhibit helicity or pseudo-spin dependent light transport. Below we describe such a system in a honeycomb two-dimensional hole-array photonic crystal. Enabling such properties at optical frequencies and on chip-scale will be very important for practical applications of such phenomena. Keywords: topological photonics, photonic crystal.
INTRODUCTION
Topologically non-trivial behavior has been observed in electronic system after the discovery of the quantum Hall effect (QHE) [1] [2] [3] . A characteristic example of such a system is the two dimensional electron gas (2DEG) system or graphene in an external magnetic field. In an applied magnetic field, electrons in the middle of a 2DEG are confined to quantized orbits of highly degenerate Landau levels while propagation is confined to the unidirectional edges that can proceed scatter free. This is achieved by breaking of time-reversal symmetry due to the external magnetic field resulting in a non-trivial topological behavior of electrons. Such states that propagate scatter free along a specific direction can be quite important for high fidelity lossless transport of quantum states useful for application in quantum information science. It was shown that topological behavior such as scatter free and non-reciprocal transport of photonic states is possible in photonic systems [4] such as photonic crystals (PC) composed of magneto-optic materials. In the presence of an external magnetic field the magneto-optic response of the PC photonic 'atoms' break time-reversal symmetry leading to asymmetric band structure for positive and negative wave vectors. Since then several works have been reported demonstrating topologically non-trivial behavior in photonic crystals [5] [6] [7] [8] and metamaterials [9, 10] including the use of synthetic gauge fields to mimic an external magnetic field. Another topologically non-trivial behavior is observed in electronic systems is the quantum spin Hall effect [11, 12] . In this case, time-reversal (TR) symmetry is preserved in the system with up and down electronic spins within a gap travelling in opposite directions. Recently, it has been shown that similar angular momentum dependent unidirectional propagation is possible in a two-dimensional (2D) rod array honeycomb photonic lattice system [13] with suitable modifications. Such a design doesn't require explicit TR symmetry breaking. TR symmetry breaking is difficult to achieve at optical frequencies due to low magneto-optic response of natural materials or due to difficulty in fast mechanical or optical modulation to achieve sufficient synthetic gauge fields. Here we will discuss a complimentary system to the one in ref [13] of a modified honeycomb lattice of hole-arrays in a high dielectric system which also exhibits topologically non-trivial behavior. This design is easily adapted for fabrication in material systems such as silicon for optical frequency operations.
HOLE ARRAY HONEYCOMB PHOTONIC CRYSTAL (PC) LATTICE
Honeycomb lattice is a triangular lattice in which every third 'atom' is removed similar to that of electronic graphene. If such as lattice is composed of an array of infinitely long dielectric cylinders the photonic band structure can exhibit a Dirac point at the six equivalent K points in a two atom basis for transverse magnetic (TM) modes with electric field parallel to the direction of the rods. By choosing a basis consisting of six atoms at the corners of a regular hexagon makes the new lattice constant a = 3a' enabling band folding resulting in a doubly degenerate Dirac cone now at the Γ point (Fig. 1a) . Suitable modification of such a lattice has been shown to preserve pseudo time-reversal symmetry enabling a topologically non-trivial bandgap with eigenmodes at the Γ point of the top of the dielectric band bottom of the 'air' band having electric field along the z direction [13] (normal to the plane of the paper). A dual structure is also possible with the same symmetry wherein we have instead infinitely long cylinders inside a high dielectric media. In this case, one expects a similar band structure behavior but for transverse electric (TE) modes with magnetic field (H) along the direction of the cylinders. This structure can potentially be implemented in silicon using deep reactive ion etching (DRIE) techniques for optical frequency operations required for optical communication applications where scatter free unidirectional propagation can be extremely useful. 
The unit cell for a two atom basis is shown as a diamond with lattice constant a'; b) Compressing the six-hole unit cell to a ratio a/R = 3.2 opens up a topologically trivial gap at the Γ point; c) Expanding the six-hole unit cell to a ratio a/R = 2.9 opens a gap at the Γ point that is topologically non-trivial.
We consider a honeycomb lattice as shown in Fig. 1a which can be visualized as a triangular lattice with lattice constant of 'a' composed of a six atom basis of infinitely long cylindrical holes (along the z direction) of radius 0.12a inside a silicon (n ~ 3.4) substrate. The centers of the holes are located at distance R from the lattice center. For a perfect honeycomb lattice that distance is given by a / 3.0. The photonic band structure for such a lattice exhibits doubly degenerate Dirac cones at the Γ point near a reduced frequency of 0.39. Deformation of the hole position either expansion (moving further away from the center) or contraction (moving towards the center) within the unit cell can then create a photonic band gap. However, the two deformations are not topologically equivalent. Upon contraction for instance to a ratio of a / R =3.2 a bandgap opens up (Fig. 1b) but with magnetic field distributions along the z direction (H z ) exhibiting different symmetries in the Γ point of the lower and upper band. However when expanded to ratio say of a / R =2.9 a bandgap opens (Fig. 1c) up but with band inversion wherein the H z field symmetries are inverted at the Γ point compared to the trivial case. This lattice has topologically non-trivial bands.
The band structure properties of the structures can be modified by varying the radius of the cylinders, the a / R ratio as well as the refractive index of the dielectric slab. A useful and interesting aspect of such a photonic lattice with topologically non-trivial band structure is that it can exhibit helicity dependent unidirectional edge states.
We will consider an interface between a topologically trivial and a non-trivial honeycomb lattice lattices. The topologically trivial structure is compressed with a / R = 3.2 and the non-trivial is expanded with a / R = 2.9 ( Fig. 2a) creating a zig-zag interface. Such an interface exhibits a topological phase transitions thus closing the gap with unidirectional gap or edge states [5] . Figure 2b shows a band structure for wavevectors parallel to the interface. In the electronic system TR symmetry combined with Kramers doubling results in two oppositely travelling spin states. In analogy in the photonic case pseudo-TR symmetry also results in two edge states within the gap corresponding to each pseudo spin or helicity traveling in opposite directions. The 'spin' or the helicity in this case corresponds to the angular momentum of the wavefunction of the magnetic field H z . Figure 2c shows the Poynting vector distribution for the pseudo spin-down travelling from top to bottom at the interface. Likewise Fig. 2d shows the Poynting vector distribution for the pseudo spin-up down travelling from bottom to top. 
CONCLUSIONS
We have described a hole-array 2D honeycomb PC lattice that can exhibit topologically non-trivial band structure upon modification of the lattice by expanding the position of the holes from the lattice center which reduces the ratio a / R from 3.0 to 2.9. Pseudo-spin which in this case is the angular momentum of magnetic field wavefunction in the normal direction (H z ) exhibits a directional dependent transport at the interface of a topologically trivial and non-trivial honeycomb lattice. One-way transport that is scatter free can be quite important for classical optical and in quantum communications such as high fidelity transport of single photon sources.
